Introduction
Birimian terranes are commonly cited as a prime example of mantle plume-related crustal formation (c.f. Arndt, 2013) , and its crust is proposed to have grown rapidly, as large volumes of juvenile continental material were emplaced during a short timeinterval (Abouchami et al., 1990) . The Birimian terrane in Ghana predominantly consists of juvenile w2.35e2.06 Ga bedrock with a majority of all reported ages between 2.21e2.06 Ga (Abouchami et al., 1990; Liégeois et al., 1991; Boher et al., 1992; Ama-Salah et al., 1996; Hirdes et al., 1996; Doumbia et al., 1998; Gasquet et al., 2003; Pawlig et al., 2006; Klein et al., 2008; de Kock et al., 2011; Tapsoba et al., 2013; Petersson et al., 2016) . Gasquet et al. (2003) and Feybesse et al. (2006) have argued for an early Eoeburnean (ca. 2.35 Ga) onset of Birimian crust formation. Feybesse et al. (2006) based their arguments on w2.35 Ga rocks within the Brazilian Boromea belt and Gasquet et al. (2003) based their interpretations on inherited zircon cores and previously published Sm-Nd model ages from the Dabakala tonalite. Kristinsdóttir et al. (2013) and Petersson et al. (2016) showed combined zircon U-Pb and Lu-Hf from granites and river sediments respectively which are in line with a w2.35 Ga onset of Birimian crustal growth.
Reworking of Archaean crust within the Birimian terrane has been identified within the Winneba pluton in southeastern Ghana from, which ca. 2.6 Ga Nd-model ages were presented by Leube et al. (1990) . Petersson et al. (2016) used coupled zircon U-Pb and Lu-Hf isotope analyses to show that a larger area within the KibiWinneba belt than previously known and rocks intruding the Suhum basin also indicate reworking of Archaean crust. These Archaean signatures are, however, limited to a narrow age-span between w2.14 and 2.12 Ga and geographically limited to southeastern Ghana.
A few discordant U-Pb dates from inherited zircon within Birimian Palaeoproterozoic source rocks are found in the Bolé-Navrongo belt in northwestern Ghana e.g. the Gondo orthogneiss (Thomas et al., 2009 ) and the Ifanteyire granite gneiss (Siegfried et al., 2009 ) suggesting possible reworking of older crust within northwestern Ghana. The Birimian in Ghana, however, lacks investigations with methods discriminating between juvenile and reworked crust e.g. zircon Lu-Hf or Sm-Nd. Here we address the quotation to what extent reworking of older crust is volumetrically important over larger tracts of Birimian crustal evolution. Extensive crustal reworking and protracted crustal evolution might not be easily resolved with a plume model as that suggested by Abouchami et al. (1990) , which imply plume related growth in an oceanic setting distant from any older continental crust.
Geological setting

The West African Craton
The West African Craton in NW Africa is made up of the Archaean Reguibat Shield in the North, and the (Leo-)Man shield in the south, which are separated by the NeoproterozoicePaleozoic Taoudeni basin. Both shields expose Archaean rocks in the West and voluminous w2.1 Ga magmatic rocks have been identified in the eastern half of both shields (e.g. Taylor et al., 1988; Abouchami et al., 1990; Leube et al., 1990; Boher et al., 1992; Fig. 1) . The Man shield is juxtaposed by Palaeoproterozoic rock of the Baoulé Mossi domain in the East. The Baoulé Mossi domain formed during the w2.1 Ga Birimian accretionary event (Sylvester and Attoh, 1992; Feybesse and Milési, 1994; Vidal and Alric, 1994; Ama-Salah et al., 1996; Hirdes and Davis, 2002; Pouclet et al., 2006; Baratoux et al., 2011; de Kock et al., 2012) and is separated from the Man shield by the Sassandra fault (Abouchami et al., 1990; Attoh and Ekwueme, 1997 ; Fig. 1 ). The oldest component in the Man shield is made up of >3.0 Ga TTG gneisses that are overlain by greenstone belts and subsequently intruded by 2.97e2.78 Ga granites (Attoh and Ekwueme, 1997) . It has been suggested that the São Luis Craton in South America and the Man shield were united during the accretionary Birimian event and that the São Luis Craton is a rifted fragment of the West African Craton separated during the break-up of the supercontinent Pangea (Bullard et al., 1965 ; Hurley et al., Figure 1 . Geological map of Ghana showing sample locations, basins, belts and main rock units (redrawn after Kesse, 1985) . Inset showing simplified map of the West African Craton highlighting the Man shield and Baolué Mossi redrawn after Baratoux et al. (2011) .
A majority of the Baoulé Mossi domain consists of 2.25e1.98 Ga juvenile rocks in greenschist to amphibolite facies that have been affected by several metamorphic events (Milési et al., 1989; Abouchami et al., 1990; Boher et al., 1992; Ama-Salah et al., 1996; Hirdes et al., 1996; Peucat et al., 2005; Feybesse et al., 2006; Klein et al., 2008; de Kock et al., 2009; Baratoux et al., 2011; Tapsoba et al., 2013) . Volcanic belts, granitoid gneisses and sedimentary basins trending NEeSW dominate the Palaeoproterozoic basement of Ghana (Leube et al., 1990; Hirdes et al., 1996; Fig. 1) . The volcanic belts gradually evolve from tholeiitic basalts at the base to more calc-alkaline andesites, dacites and rhyolites in the upper sections (e.g. Boher et al., 1992; Sylvester and Attoh, 1992) . The metasedimentary basins are composed of volcanoclastics, greywackes, argillitic rocks and chemical sediments that have been isoclinally folded, and different suites of felsic rocks intrude both the volcanic belts and the metasedimentary basins, Winneba; Cape Coast; Dixcove and Bongo (Leube et al., 1990) . Rocks of the Winneba suite are granitic to granodioritic, the Cape coast suite which predominantly intrude the metasedimentary basins are peraluminous biotite-granodiorites, the Dixcove suite which mainly intrude volcanic basins are normally metaluminous hornblende bearing granitoids and rocks of the younger Bongo suite are potassium-rich granites found in northern Ghana intruding the Tarkawaian sediments (Leube et al., 1990) .
Collectively these intrusions are dominated by granodiorites and tonalities while granites (sensu stricto) are more rare to the area (Eisenlohr and . The northwestern parts of Ghana represent the deepest crustal sections exposed in Ghana and also expose an increased amount of intruding granitoids (Taylor et al., 1992) .
The earliest stage of Birimain evolution is termed the Eoeburnean orogenic event and has formed the basin and belt structure, with the geotectonic evolution following that termed the Eburnean orogenic event (de Kock et al., 2011) . Gasquet et al. (2003) and Feybesse et al. (2006) argued for an Eoeburnean w2.35 Ga early growth phase within the Baoulé Mossi domain based on e.g. 2.3 Ga inherited zircon cores from the Dabakala area which is coeval with the peak in Birimian model ages. According to Feybesse et al. (2006) , this early growth phase was followed by emplacement of mafic to ultramafic crust between 2.25 and 2.17 Ga, and monzogranitic intrusions between 2.16 and 2.15 Ga.
The majority of the juvenile terranes of the Baoulé Mossi domain were, however, emplaced around 2100 Ma and have Ndmodel ages within 300 Myr. of their crystallisation ages (Abouchami et al., 1990; Liégeois et al., 1991; Boher et al., 1992; Ama-Salah et al., 1996; Hirdes et al., 1996; Doumbia et al., 1998; Gasquet et al., 2003; Pawlig et al., 2006; Klein et al., 2008; Tapsoba et al., 2013) . Only granitoids from southeastern Ghana, the Kibi-Winneba belt and rocks intruding the Suhum basin, indicate contribution from an Archaean source (Leube et al., 1990; Taylor et al., 1992; Petersson et al., 2016) . The Eburnean orogeny (w2.13e2.00 Ga) was a tectonic event in which peak metamorphic conditions reached upper greenschist facies to lower amphibolite facies (Leube et al., 1990; Eisenlohr and Hirdes, 1992; Hirdes and Davis, 1998; Feybesse et al., 2006) and virtually simultaneously (2.19e2.11 Ga) and during which TTG magmatsim occurred virtually contemporaneously (2.19e2.11 Ga, de Kock et al., 2011) . Post 2.07 Ga magmatism is scarce within the Baoulé Mossi domain suggesting post Eburnean magmatic quiescence (Gueye et al., 2007; de Kock et al., 2011) .
Analytical methods
The standard mineral separation procedures were performed at the Department of Geology, Lund University, and mounted on tape together with the zircon standard 91500 (Wiedenbeck et al., 2004) and cast in epoxy. After hardening, the epoxy mount was polished to expose a cross section through the internal of the grains. Backscattered electron imaging (BSE) was used to investigate internal growth patterns in the individual crystals, and for guidance of analytical work, using a standard Hitachi S-4300N electron microscope at the Department of Geology, Lund University. BSE image of representative zircon grains including spot locations and results are presented in Fig. 2aec .
Zircon U-Pb dating
Secondary ion mass spectrometer (SIMS) U-Th-Pb analyses were carried out using a large geometry Cameca IMS1280 instrument at the Swedish Museum of Natural History in Stockholm. Instrument set up roughly follows that described by Whitehouse et al. (1999) , Whitehouse and Kamber (2005) Pb ratio of 0.83 (equivalent to present day Stacey and Kramers (1975) model terrestrial Pb). Decay constants follow the recommendations of Steiger and Jäger (1977) . All age calculations were done in Isoplot 3.70 (Ludwig, 2008) and results are presented in Table 1 .
Zircon Lu-Hf analyses
Lutetium-Hafnium isotope analyses on 109 zircon grain core domains and 22 additional standard analyses were analysed using a Thermo-Finnigan NEPTUNE multi collector ICP-MS coupled to a Resolution M-50 (Resonetics) 193 nm ArF excimer laser (ComPexPro 102F, Coherent) system at Goethe-University Frankfurt Zeh, 2006, 2009) . Round laser spots with diameters of 40 mm were drilled with repetition rate of 5.5 Hz and an energy density of 6 J/cm 2 during 36 s of data acquisition with 0.5 s integration time. Hf ratio ¼ 0.282160. Quoted uncertainties, which ranged between 0.0089% and 0.013% (2SD), are quadratic additions of the within run precision of each analysis and the repeatability of the zircon standard GJ1, during the analytical session. Accuracy and external reproducibility of the method was verified by repeated analyses of reference zircons GJ-1, and Temora2, which yielded 176 Hf/ Hf of 0.282675 AE 0.000035 (2SD, n ¼ 11), respectively. These ratios are well within the range of solution mode data (Woodhead and Hergt, 2005; Morel et al., 2008) and within the LA-MC-ICPMS long-term average (2007e2014) of GJ-1 (0.282010 AE 0.000024; n > 1000) and Temora (0.282680 AE 0.000027; n > 200) reference zircon at Goethe-University Frankfurt.
For calculation of ε Hf (t) the chondritic uniform reservoir (CHUR) was used as recommended by Bouvier et al. (2008;  176 Lu/ 177 Hf and 176 Hf/ 177 Hf of 0.0336 and 0.282785, respectively), and a decay constant of 1.867 Â 10 À11 (Scherer et al., 2001; Söderlund et al., 2004 Hf t and Hf t for all analysed zircon domains were calculated using the respective interpreted crystallisation age of each sample. Results are presented in Table 2 .
Standard results compared to reference values are shown in inline Supplementary File 1. Standard results are found in inline Supplementary File 2. Out of twelve analyses, all aimed at well preserved cores (Fig. 2a) Eleven zircon U-Pb analyses (Fig. 2a) Out of a total of 22 analyses, eleven in 28A and eleven in 28B and all from oscillatory zoned core domains (Fig. 2a) which is interpreted to best represent the age of igneous crystallisation of this rock (Fig. 3) . Out of eleven analyses aimed at oscillatory zoned cores (Fig. 2b) , six are discordant beyond the 2s-level. The remaining five analyses A. Petersson et al. / Geoscience Frontiers xxx (2017) Six out of eleven analyses aimed at BSE-bright unaltered cores (Fig. 2b) One out of eleven analyses aimed at oscillatory zoned core domains (Fig. 2b) , is discordant beyond the 2s-level. The remaining ten concordant analyses yield a weighted average 207 Pb/ 206 Pb age of 2137 AE 5 Ma (MSWD ¼ 1.1). This age is interpreted as the igneous crystallisation age of this rock (Fig. 3) A total of seventeen analyses, eight in 46A (Fig. 2b ) and nine in 46C (Fig. 2c) , were analysed and all but five analyses, four in 46A and one in 46C, are discordant beyond the 2s-level. In the host rock sample 46A, the three youngest analyses stand out with markedly lower Th/U (0.07e0.1). The remaining six analyses yield Th/U between 0.42 and 0.57. A weighted average of the three analyses with the lowest Th/U yield 2120 AE 6 Ma (n ¼ 3, MSWD ¼ 0.59), which is in agreement with the Maluwe/Sawla granite magmatism to which the Tinga intrusion belongs (de Kock et al., 2011; Fig. 3 Thirteen analyses of oscillatory zoned core domains yield ten concordant and three discordant data points, beyond the 2s-level (Fig. 2c) Pb age of 2204 AE 4 Ma (MSWD ¼ 1.9). This age is interpreted to date igneous crystallisation (Fig. 3) .
Thirteen Ten analyses of well preserved core domains yield two data points discordant beyond the 2s-level (Fig. 2c) Hf range from 0.281497 to 0.281551. 3 Hf(2130 Ma) range between þ0.9 and þ 2.7.
Discussion
Geochronology of the Tinga foliated two-mica-granodiorite compared to the Maluwe/Sawla magmatism
The 2120 AE 6 Ma date of the low Th/U zircons from the Tinga granodiorite is interpreted as the magmatic crystallisation age. This age is in excellent agreement with the regional Maluwe/Sawla magmatism (e.g. Marsipe granite GD2165A 2122 AE 6 Ma; Bomburi granodiorite GD3080A 2121 AE 4 Ma; Yakombo granite GD1236 2119 AE 4 Ma; Kenikeni episyenite GA1071 2118 AE 5 Ma, de Kock et al., 2009 Pb dates while grains interpreted to reflect igneous crystallisation age plotted at 2120 Ma. The inherited zircons within the Tinga granodiorite yield Hf signatures that are comparable to those in granites of similar age within the Birimian terrane (Fig. 4) .
Reworked Archaean crust within Birimian terrane in Ghana, as revealed by combined zircon U-Pb and Lu-Hf isotopes
The oldest rocks found in the Birimian terrane from the West Arfican Craton are w2230e2220 Ma (see de Kock et al., 2009 for geochronological compilation). However, Klein et al. (2005) interpreted the 2594 AE 3 Ma Pb-Pb evaporation date to represent igneous crystallisation of the Igarapé Grande metatonalite (EK32) in the Gurupi belt. This is currently the only known rock of this age. Based on inherited zircon U-Pb and granite zircon Hf data, crustal growth of the Palaeoproterozoic (w2.15 Ga) Birimian terrane of the West African Craton in Ghana has been argued to have started during the w2.35 Ga Eoeburnean orogenic event with an early growth phase preceding the Eburnean orogeny (Gasquet et al., 2003; Feybesse et al., 2006; Petersson et al., 2016) . The Birimian terrane is believed to consist predominantly of juvenile rocks (e.g. Abouchami et al., 1990; Liégeois et al., 1991; Boher et al., 1992; Hirdes et al., 1996; Tapsoba et al., 2013) , and where reworking of Archaean crust is limited to, the Winneba pluton and the Suhum basin in southeastern Ghana. This magmatism is limited to between w2141 and 2126 Ma (Leube et al., 1990; Taylor et al., 1992; Petersson et al., 2016) .
Pre-Eburnean rocks of the Baoulé Mossi domain have so far consistently yielded suprachondritic Hf-isotopic signatures suggesting juvenile growth during the initial stages of crustal growth. Furthermore, Nd isotope data from Ghana, with the exception of the Winneba granite, yield juvenile signatures with <2300 Ma model ages (Taylor et al., 1992) . Our new combined zircon U-Pb and Lu-Hf data from Birimian granitoids in Ghana show that contribution from Archaean crust is needed, both in northwestern and in southeastern Ghana to explain the isotopic signatures.
When applying an evolution corresponding to an intermediate 176 Hf value of 0.022) source, 92% (n ¼ 100/109) of all samples require Archaean contribution. These signatures are strongest within the samples from southeastern Ghana, but an Archaean component is definitely required to explain the isotopic signatures of samples from northwestern Ghana as well. This includes rocks from both the Bole belt and the Maluwe/Sawla suite (Fig. 1) . A large portion of reworked crust within the Birimian terrane is corroborated by the ca. 2.05e2.30 Ga 6.7 AE 0.2 mean d
18 O value of detrital zircon from five rivers, sampling the Palaeoproterozoic basement of Ghana (Kristinsdóttir et al., 2013 ). Such conclusion is, however, in contrast to current understanding that the majority of the Birimian terrane consists of juvenile w2.35e2.06 Ga bedrock (Abouchami et al., 1990; Liégeois et al., 1991; Boher et al., 1992; Ama-Salah et al., 1996; Hirdes et al., 1996; Doumbia et al., 1998; Gasquet et al., 2003; Pawlig et al., 2006; Klein et al., 2008; de Kock et al., 2011; Tapsoba et al., 2013; Petersson et al., 2016) . Iizuka et al. (2013) proposed a field that represents the 3 Hf (t) range for the arc mantle. This field is based on zircon isotopic data where several analyses yielded unusually low 3 Hf for juvenile magmas, resulting in a lower boundary significantly below other similar models e.g. the new crust of Dhuime et al. (2011) . Even so, all our analysed samples have Hf isotopic signatures that are more enriched than the lower boundary of the Iizuka et al. (2013) arc mantle, ruling out a pure mantle derivation to these rocks.
The difference in Hf-isotope signatures between zircon from granitoids and detrital zircon still remains somewhat of an enigma. The fact that the catchment area of three out of the five sampled rivers from where Kristinsdóttir et al. (2013) retrieved her detrital zircon grains mainly cover an area northwest of Ghana in Mali and Burkina Faso is possibly part of the explanation. However, it is here noteworthy that >2150 Ma granitic rocks from both the Kibi belt (southeastern Ghana) and the Bolé-Navrongo belt (northwestern Ghana) yield more enriched Hf isotope signatures than the most enriched detrital zircons from the Birim river in southeastern Ghana (Fig. 4) .
Our new zircon U-Pb age of 2139 AE 6 Ma attributed to the Winneba granite is within error of, but supersedes the 2024 AE 159 Ma Rb/Sr-isochron of Taylor et al. (1992) . Combined with the new Hf-isotopic data with 3 Hf values as low as À10.5, the main trough in Birimian zircon 3 Hf values between w2.14 and 2.12 Ga presented by Petersson et al. (2016) is corroborated, and the minimum 3 Hf value of À10.5 suggests a Palaeoarchaean to late Mseoarchaean component as the contaminating source.
Until now our understanding regarding reworking of Archaean crust within the Birimian terrane has been limited geographically to the Kibi-Winneba belt and the Suhum basin, and in time between w2.14 and 2.12 Ga (Leube et al., 1990; Taylor et al., 1992; Petersson et al., 2016) . It has been suggested by Vidal et al. (1992) Hf ¼ 0.015 evolutionary array intersecting the new crust curve of Dhuime et al. (2011; blue solid line) at the ArchaeaneProterozoic boundary (2.5 Ga). Grey fields represent the 3 Hf (t) range for the arc mantle proposed by Iizuka et al. (2013) .
that the upper mafic volcanics in the Birimian rest on older continental basement crust, and suggested the 2185e2150 Ma Dabakalian gneisses as a possible underlying basement. Abouchami et al. (1990) and Boher et al. (1992) , however, claimed that the lack of early Proterozoic and Archaean crust within the eastern and central parts of the craton, together with the juvenile character of the Birimian basalts argued against such an underlying ancient crust. Hirdes et al. (1996) argued that w2105 Ma "Dabakalian gneiss" in central Côte d'Ivoire and western Mali are coeval with Birimian supracrustal rocks, contradicting a possible Dabakalian basement to Birimian supracrustal rocks. Sakyi et al. (2014) reported U-Pb ages from fifteen Birimian granitoids from the Lawra volcanic belt of northwestern Ghana spanning between 2131 AE 10 Ma and 2213 AE 76 Ma. Based on these ages and geochemical analyses they preclude contamination of these Birimian granitoids by any noticeable amounts of reworked Achaean crust.
Our new data increases the area that indicates reworking of Archaean crust to include parts of northwestern Ghana and further extends the area of reworked Archaean crust within the southeastern parts. This is in line with inherited zircon core dates from the Gondo granitic gneiss and the Ifanteyire granitic gneiss of the Bolé-Navrongo belt that yield 207 Pb/ 206 Pb dates of 2499 Ma and 2386 Ma respectively (Siegfried et al., 2009; Thomas et al., 2009 ) also indicating the existence of an ancient component within the northwestern parts of Ghana. Furthermore, our data suggest that reworking of ancient crust was active already during the initial growth stages of the Birimian terrane, during the Eoeburnean orogenic event.
The Wiawso biotite-hornblende-granite ASGH019A from southwestern Ghana, the Sasi biotite-hornblende-granite ASGH032A and the Tuna biotite-granite ASGH048A have the most depleted signatures amongst the analysed samples. In 3 Hf versus time space, these samples roughly overlap the majority of coeval detrital zircon presented by Kristinsdóttir et al. (2013) , while remaining samples have more enriched signatures than coeval data from detrital river zircon.
Further to the northwest in Burkina Faso and southwestern Mali, zircons from 22 igneous Birimian aged rocks yield exclusively suprachondritic Hf-isotope signatures in line with the detrital zircon grains from Ghana (Kristinsdóttir et al., 2013; Parra et al., 2013) . Conversely, Parra-Avila et al. (2015) presented combined U-Pb-Hf isotope data from >1000 detrital zircons representing eight different sub-basins in Mali, where a significant portion indicates substantial contribution from Archaean aged components. Based on this data set, Parra-Avila et al. (2015) argued for greater interaction between the Baolué-Mossi domain and Archaean aged crust, in line with the results presented in this study.
The shortage of inherited zircon
The oldest analysed zircon in this study is n4917-05 in the Badu biotite-hornblende-granite (sample ASGH 030A) yielding a 207 Pb/ 206 Pb date of 2227 Ma. Like in the Birimian rocks presented by Petersson et al. (2016) , the absence of Archaean aged xenocrystic zircon in these rocks are striking, considering the amount of reworking involved in the formation of these rocks. The scarcity of Archaean aged xenocrystic zircon within the entire West African Craton is clearly shown by in the geochronological age compilation by de Kock et al. (2011) where <50 Archaean aged zircon grains have been recorded within the West African Craton as a whole. However, as mentioned by Petersson et al. (2016) this is not a phenomenon isolated to the West African Craton, but similar observations are made both regionally (e.g. Naeraa et al., 2012 Naeraa et al., , 2014 Petersson et al., 2015a, b) and globally (e.g. Belousova et al., 2010; Dhuime et al., 2012) .
However, the question whether the lack of xenocrystic zircon within the rocks analysed in this study reflect sampling bias, protolith characteristics or zircon dissolution caused by physiochemical magma properties are beyond the scope of this study and remains unresolved.
Birimian zircon isotope signatures in a tectonic context
The onset of the geotectonic evolution of the Birimian terrane has often been attributed to subduction of an intraplate oceanic plateau between 2250 Ma and 2200 Ma (Abouchami et al., 1990; Boher et al., 1992) and tholeiitic plume magmatism in a widespread area found in Mauritania, Senegal, Ivory Coast, Burkina Faso, Niger and Ghana (Abouchami et al., 1990) . Our new data show that, at least in Ghana, substantial contribution of reworked Archaean crust is needed to explain the isotopic signatures of these rocks, contradicting a plume related origin. Petersson et al. (2016) showed that 2232 Ma emplacement of the West Accra granodiorite proves the emplacement of evolved rocks during the Eoeburnean and predates suggested plume related rocks of Abouchami et al. (1990) and Boher et al. (1992) . Furthermore, trace element data of Birimian andesites and basalts favour an island arc tectonic setting (Sylvestor and Attoh, 1992; Ama-Salah et al., 1996; Evans et al., 1996; Baratoux et al., 2011) .
The closest Archaean crust is found west of the Sassandra fault within the >3.0 Ga TTG gneisses and greenstone belts, and the 2.97e2.78 Ga granites of the Man shield (Abouchami et al., 1990; Attoh and Ekwueme, 1997) .
Birimian resetting of Archaean crust within the Man shield increases from north to south and has been attributed to accretion of a juvenile Birimian terrane such as the Ity-Toulépleu unit in Côte d'Ivoire (Kouamelan et al., 1997) . This Birimian influence on Archaean rocks is delimited to the north by the Danané-Man shear zone and has been delimited to the east by the Sassandra fault, east of which only minor Archaean relicts had been found prior to our new findings (Fig. 1) . Feybesse et al. (2006) suggested a pre-Birimian proto-Ghanaian province formed outboard the São Luis Craton that accreted during the Eburnean orogeny. Petersson et al. (2016) suggested a similar situation where Birimian crust formed during westward subduction-related magmatism in an alternating retreating and advancing arc system onto western Archaean crust (possibly the Man shield).
Either scenario is reconcilable with our new data showing the existence of Archaean crust both in the western and in the eastern parts of Ghana. The enrichment seen in our Hf isotope data amongst the Eoeburnean samples can be explained by incorporation of Archaean sediments, from either side. These sediments would also explain the heavy d 18 O signatures found in the detrital zircon data of Kristinsdóttir et al. (2013 Kristinsdóttir et al. (2013) concluded that the heavy d 18 O signatures within the detrital zircon from five rivers in Ghana is best explained by reworking of Archaean aged sediments.
Our new data is in agreement with crustal growth in an arc environment, where contribution from Archaean components increases with time up until the onset of the Eburnean orogeny at w2130 Ma. Post 2130 Ma intrusions suggest a rapid return to juvenile signatures that coincide in time with peak metamorphic conditions within this area. Late Eburnean (<2.1 Ga) zircons, both detrital and from basement granitoids yield truly juvenile Hf isotope signatures suggesting anatexis either without reworked components or with reworking of juvenile crust within the Birimian terrane.
Contrasting information in detrital zircon and granitoid derived zircon
The Hf-isotope signatures of the detrital zircon presented by Kristinsdóttir et al. (2013) are markedly more juvenile than the zircon Hf-isotope signatures from granitoid samples presented here and by Petersson et al. (2016; Fig. 4) . The detrital zircon population however, has a 6.7 AE 0.2 mean d 18 O value, which indicates a significant recycled component using the assumption by Dhuime et al. (2012) . Such an inference is in stark contrast with current models for the Birimian continental crust growth, which imply that the entire mass of juvenile crust formed around 2.15 Ga, but corroborate the coupled U-Pb-Hf isotope data presented here and by Petersson et al. (2016 Kristinsdóttir et al. (2013) contains zircon from five rivers in Ghana, Ankobra river; Black Volta; Red Volta; Birim river and Sihili river. All rivers but Birim river have zircon with exclusively supra-chondritic Hf isotope signatures. The Birim river zircon however, has zircon with 3 Hf values as low as À5.7 at 2146 Ma, in line with a substantial portion of reworked Archaean crust as seen in the granite data. The Birim river catchment area up-stream the sampling site of Kristinsdóttir et al. (2013) covers a relatively small area located about 50 km north of the town of Accra. Samples ASGH001A; ASGH028A/B; ASGH030A and ASGH032A were all sampled within a 100 km radius of this catchment area and collectively the Hf signatures of the granitic intrusions yield slightly more enriched signatures than the Birim river zircons. The Ankobra river catchment area samples an area just east and southeast of the Wiawso granite, ASGH019A sample location. As noted above, the Wiawso granite, ASGH019A sample is the most juvenile of the samples presented in this study and its zircon Hf isotope signature is corroborated by the juvenile detrital zircon population in the Ankobra river. The Tinga granodiorite (ASGH46A/C), the Tuna granite (ASGH048A) and especially the Ifanteyire gneiss (ASGH047A), all located in western to northwestern Ghana, have zircon 3 Hf values that require substantial involvement of reworked Archaean crust. This is not seen in the detrital zircon data from the rivers in the north, Black Volta; Red Volta and Sihili rivers. These rivers however have catchment areas that mostly drain southwestern Mali and southern Burkina Faso. Only the northwestern most tip of Ghana is sampled by the Black Volta river sample of Kristinsdóttir et al. (2013) , and the juvenile character of the detrital zircon populations of these rivers are largely analogous to the data presented from Birimian aged rocks in Burkina Faso and southwestern Mali by Parra et al. (2013) . However, as noted above, further to the west in Mali, Parra-Avila et al. (2015) showed that the isotopic signatures of detrital zircons from Birimian aged rocks of the Baoulé-Mossi domain require substantial contribution from Archaean aged crust.
Conclusions
Substantial reworking of Archaean crust is required to explain the combined zircon U-Pb and Lu-Hf isotope data, and here we show that reworking is not limited to southeastern Ghana. As a conservative estimate, 71% of all analysed 2220e2130 Ma zircon grains in this study, including rocks from the Bole belt, the Maluwe/ Sawla suite and the Kibi-Winneba belt, require contribution from a reworked Archaean source. This contradicts the common belief that a majority of the Birimian terrane consists of predominantly juvenile crust and show that reworking of Archaean crust was not an isolated phenomenon restricted to the Winneba pluton, but widespread across the Birimian terrane in Ghana.
The Winneba granite yields a minimum zircon 3 Hf(2139 Ma) of À10.5 suggesting a Palaeoarchaean to late Mesoarchaean component as the contaminating source.
Our new data, combined with previously reported heavy zircon d 18 O signatures from Birimian river zircon in Ghana, suggest reworking of Archaean aged sediments during subduction initiated crustal growth in the vicinity of one, or possibly in between two Archaean aged cratons.
